Abstract
I. INTRODUCTION
Image compression techniques based on BDCT have been the popular choice in both still and moving image coding standards, such as JPEG [1] , H.26x [2] , and MPEG [3] . Even in digital HDTV, image signals are compressed by BDCT and then transmitted via broadcasting channels. For the sake of efficient implementation, an image is partitioned into spatially adjoining blocks that are processed independently without considering inter-block correlations. At low bit rates, this approach inevitably causes two primary visual artifacts in BDCT decompressed images. One is the grid noise in monotone areas, which consists of the introduction of artificial edges at the 8 × 8 DCT block boundaries. The other is the staircase noise that distorts edge shapes.
Various algorithms have been proposed to improve the quality of block-coded images in the decoder without increasing the bit rate. Among them, a linear space-invariant low-pass filtering [4] is well known, due to its simplicity. However, since the local characteristics of image vary spatially, it is known that linear, space-invariant filtering is inadequate. Therefore, many adaptive techniques were proposed to solve these problems. Better results were achieved using directional smoothing filters with a stronger effect on the direction orthogonal to the block boundaries [5] . A more sophisticated nonlinear space-variant filter was proposed in [6] , where image blocks were classified and each was processed through an appropriate filter.
The iterative approaches based on the theory of POCS can be thought of as special cases of image restoration [7] . Zakhor [8] first tried to apply the theory of POCS to the reduction of blocking artifacts of block DCT-coded images and suggested an iterative algorithm. The iterative algorithm can be justified as a method of steepest descent iteration in a constrained minimization problem. She imposed two constraints on the coded image: SCS (C s ), which denotes the set including the images free from blocking artifacts, and QCS (C q ), which denotes the set including the images close to the original image as shown in Fig. 1 . Notice in Fig. 1 that the P q and P s are the projection operators onto C q and C s , respectively.
In [8] - [13] , POCS-based techniques have been also proposed that are effective in reducing blocking artifacts. In these methods, the projections onto the SCS's are performed through the pixel domain, and the projections onto the QCS's are performed in the DCT domain. These methods require the iterative DCT/IDCT operations with heavy computational burden. Therefore, in spite of better performance than other postprocessing techniques, the POCS-based postprocessing techniques have not been widely used in real applications.
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Fig. 1. Block diagram of the postprocessing technique based on the theory of POCS.
In this paper, we propose a new postprocessing algorithm based on the theory of POCS and its fast implementation in order to reduce the blocking artifacts in HDTV images. Note that a block, which is diagonally shifted one pixel apart from the grid of BDCT, includes the boundary of the original block. If any blocking artifact is introduced along the block boundary, this shifted block will produce frequency characteristics different from those of the original block. Thus, a comparison of frequency characteristics of these two overlapping blocks can detect the undesired high-frequency components, mainly caused by the blocking artifacts. By eliminating these undesired high frequency components, a robust smoothing projection operator can be obtained. Moreover, we propose an improved QCS using the correlation of DCT coefficients between adjacent blocks. In the proposed technique, the range of the QCS is efficiently reduced to as close to the original DCT coefficient as possible to yield the better performance of the projection onto the QCS. Furthermore, we introduce a fast implementation method of the proposed algorithm. The conventional POCS-based postprocessing techniques require DCT/IDCT operations with high computational complexity. On the contrary, the proposed method is fully operated in the frequency domain without the need of performing the DCT/IDCT operations. Estimates of computation savings vary between 41% and 64% depending on the task. Moreover, the proposed technique converges within a few iterations.
The paper is organized as follows. The proposed postprocessing scheme is presented in Section II. In Section III, the proposed fast implementation and computational complexity are described. Section IV presents and discusses the experimental results. Finally, our conclusions are given in Section V.
II. PROPOSED POST-PROCESSING TECHNIQUE

A. Proposed SCS and Its Projection
In this subsection, we study the blocking artifacts by analyzing frequency characteristics of the original block and the block shifted by one pixel. Then, we introduce a smoothness constraint set and its projection operator in the DCT domain to reduce blocking artifacts by compensating the effects of the added block boundary with the POCS method. Fig. 2 
where 1 , 0, ( ) 2 , otherwise.
In the same manner, respectively. Based on this observation, we establish an algorithm for reducing the blocking artifacts by proposing a smoothness constraint set and its projection operator.
Let us define a closed convex set
where ( ) edges is less visible than noise appearing in flat (gradually changing) region. The former should be carefully reduced so that the information about edges will not be damaged, while the latter should be eliminated completely. It is also known that the blocking artifacts are more visible in bright areas rather than in dark areas of the image. Therefore, in bright monotone areas with high µ and small σ , 
where 1 is added to µ in the denominator to avoid mathematical difficulties when 0 µ = . Since µ and σ are proportional to the DC coefficient and a absolute sum of major AC coefficients of the DCT block, respectively, we define
where η is a scaling factor, and DC and (5), we can obtain the projected element ij B as shown in Fig. 3 (c) .
B. Proposed QCS
In conventional POCS-based postprocessing technique, the QCS ( q C ) is commonly defined as the quantization interval for the original DCT coefficient. Since the quantization parameters are transmitted from the encoder, the quantization interval for each DCT coefficient is known to the decoder.
The task of its projection operator ( q P ) is to move the DCT coefficient into the quantization interval.
The conventional QCS of ( , ) i j block in an mN nN × input image is identical to the closure of the quantization region defined as 
where 
where ( , ) ij P u v represents the projection onto the QCS. Since the value projected onto the SCS deviates from the decoded value, it should be restored as close to an initial value as possible. This is what the projection onto the QCS does. Since the conventional QCS is fixed as a maximum size of the range where an original DCT value can be included, the result of the projection onto the SCS almost exists in the range of the QCS. Thus, the projection onto the conventional QCS often fails to play the role of restraining the divergence caused by that onto the SCS. If the range of the QCS can be sized down efficiently, then the projection onto that QCS can yield better performance.
In order to reduce blocking artifacts while preventing overblurring of the postprocessed image, a new QCS with which we can adaptively control the size of the conventional QCS in every coefficient location is proposed and can be expressed as
The coefficient (Fig. 6) . As many equally located data of the same region blocks are within the quantization interval of ( , ) ij A u v , the probability that the original DCT coefficient of ( , ) ij A u v is close to the center of the interval is high.
Therefore, we denote ( , ) ij u v κ in (12) the number of DCT coefficients at the equal location that are within the quantization interval of ( , ) ij A u v . As ( , ) ij u v κ increases, ( , ) ij u v λ decreases and the range of the QCS is sized down adaptively.
III. FAST IMPLEMENTATION IN THE DCT DOMAIN
Figs. 7 (a) and (b) show block diagrams of conventional and the proposed algorithm, respectively. As shown in Fig. 7 (a) Fig. 7 (b) . But, the DCT/IDCT operations can be replaced by matrix multiplication, thus fast postprocessing in the DCT domain is possible.
In the proposed method, q P is performed on the DCT coefficients of blocks with the same grid of the encoded image, 
where 7 I is the identity matrix of dimension 7 7 
where the superscript T denotes matrix transposition.
Specifically, since T = S S I , (12) can be rewritten as
Premultiplying both sides of (19) by S and postmultiplying
where fixed precomputed matrices αβ C 's are the DCT of αβ c 's. The calculation of B can be effectively computed if the data is sparse. The computation of B can be done even more efficiently rather than fully precomputing αβ C by factorizing these matrices into relatively sparse matrices [14] . The proposed implementation method with no use of DCT/IDCT processes can greatly alleviate total computation time required for obtaining B . In a similar fashion, A can be calculated using α B for the projection onto the quantization constraint set. Therefore, the proposed technique is fully operated only in DCT domain. We calculated the number of operations required for our fast implementation method and compared it with that of conventional methods. Estimates of computation savings vary between 41% and 64% depending on the task.
IV. EXPERIMENTAL RESULTS
In this section, the performance of four postprocessing techniques, namely, Zakhor's [8], Yang's [11], Paek's [12] , and the proposed technique is evaluated on various still images. Some images contain low-frequency components and smooth areas, others contain high-frequency components and edge area. The decoded images, with visible blocking artifacts, are obtained by JPEG [1] with the quantization table shown in Table I . Fig. 9 shows the test image LENA with blocking artifacts.
As an objective measure of the distance between an original image ( , ) f x y and its reconstructed image ( , ) g x y , peak . (21) In Fig. 10 , the PSNR performance of the proposed technique is compared with those of Zakhor's, Yang's, and Paek's techniques, with increasing iteration. One iteration of postprocessing is carried out by applying two projection operators first on s C and next on q C , as described in the previous section. As shown in Fig. 10 , it is observed that the proposed technique converges within a few iterations, regardless of the input images, and can be easily implemented.
From Fig. 10 , we can see that the Zakhor's technique fails to converge, in terms of the theory of POCS. Also, the performance of the proposed technique is better than that of Yang's and Paek's technique in terms of the PSNR. Thus, it is believed that our technique is robust to the input images, in terms of convergence behavior and performance improvement.
To make a comparison of the subjective quality more clear, we also present whole and enlarged pictures of the details of Lena in Figs. 11 and 12. As shown in these figures, although Zakhor's technique alleviates the blocking artifacts, it yields an excessively smoothed image due to the use of a global lowpass filter. And it is observed that the blocking artifacts are alleviated more effectively and edges are better preserved by the proposed techniques than the other two techniques. Similar results are also observed on the other test images. Hence the proposed constraint sets and their projection operators are properly defined, providing good performance in terms of both the PSNR and subjective quality. In Table II , the PSNR performance of the proposed technique is compared with that of Zakhor's, Yang's, and Paek's techniques. The simulation results show that the performance of the proposed algorithm is better than those of other algorithms.
V. CONCLUSIONS
In this paper, we proposed a new postprocessing algorithm based on the theory of POCS in order to reduce the blocking artifacts in HDTV images. By detecting and eliminating the undesired high-frequency components, mainly caused by the blocking artifacts, we proposed a new SCS and its projection operator in DCT domain. Moreover, we proposed an improved QCS using the correlation of DCT coefficients between adjacent blocks. In addition, we introduced a fast implementation method of the proposed algorithm. The proposed method is fully operated in the frequency domain without performing DCT/IDCT operations.
Computer simulation results indicated that the proposed postprocessing algorithm effectively reduces the blocking effects and preserves the original high-frequency components such as edges, despite of its low complexity. The objective performance of the proposed algorithm has been measured by the PSNR of the postprocessed images. The measured PSNR of the proposed postprocessing method showed an increase of 0 -1.0 dB for the various test images. From a subjective point of view, visual improvements of the image qualities were found in the postprocessed images obtained by the proposed algorithm. Moreover, the proposed technique was shown to be robust in terms of convergence. Based on the noniterative nature and fast architecture, the proposed technique can be employed for the postprocessing of a wide variety of images. 
